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1
CHEMISORPTION OF ETHYL ACETATE
DURING HYDROGENATION OF ACETIC
ACID TO ETHANOL

FIELD OF THE INVENTION

The present invention relates to a catalyst that chemisorbs
ethyl acetate at the reaction temperature for hydrogenating
acetic acid and/or ethyl acetate to ethanol. A catalyst that
adsorbs ethyl acetate with suitable strength is useful for pro-
ducing ethanol without net production of ethyl acetate when
a mixed stream of acetic acid and ethyl acetate is used as a
feedstock.

BACKGROUND OF THE INVENTION

Ethanol for industrial use is conventionally produced from
petrochemical feed stocks, such as oil, natural gas, or coal,
from feed stock intermediates, such as syngas, or from
starchy materials or cellulose materials, such as corn or sugar
cane. Conventional methods for producing ethanol from pet-
rochemical feed stocks, as well as from cellulose materials,
include the acid-catalyzed hydration of ethylene, methanol
homologation, direct alcohol synthesis, and Fischer-Tropsch
synthesis. Instability in petrochemical feed stock prices con-
tributes to fluctuations in the cost of conventionally produced
ethanol, making the need for alternative sources of ethanol
production all the greater when feed stock prices rise. Starchy
materials, as well as cellulose material, are converted to etha-
nol by fermentation. However, fermentation is typically used
for consumer production of ethanol, which is suitable for
fuels or human consumption. In addition, fermentation of
starchy or cellulose materials competes with food sources and
places restraints on the amount of ethanol that can be pro-
duced for industrial use.

Ethanol production via the reduction of alkanoic acids
and/or other carbonyl group-containing compounds has been
widely studied, and a variety of combinations of catalysts,
supports, and operating conditions have been mentioned in
the literature. The reduction of various carboxylic acids over
metal oxides has been proposed by EP0175558 and U.S. Pat.
No.4,398,039. A summary some of the developmental efforts
for hydrogenation catalysts for conversion of various car-
boxylic acids is provided in Yokoyama, et al., “Carboxylic
acids and derivatives” in: Fine Chemicals Through Heteroge-
neous Catalysis, 2001, 370-379.

U.S. Pat. No. 6,495,730 describes a process for hydroge-
nating carboxylic acid using a catalyst comprising activated
carbon to support active metal species comprising ruthenium
and tin. U.S. Pat. No. 6,204,417 describes another process for
preparing aliphatic alcohols by hydrogenating aliphatic car-
boxylic acids or anhydrides or esters thereof or lactones in the
presence of a catalyst comprising Pt and Re. U.S. Pat. No.
5,149,680 describes a process for the catalytic hydrogenation
of carboxylic acids and their anhydrides to alcohols and/or
esters in the presence of a catalyst containing a Group VIII
metal, such as palladium, a metal capable of alloying with the
Group VIII metal, and at least one of the metals rhenium,
tungsten or molybdenum. U.S. Pat. No. 4,777,303 describes a
process for the productions of alcohols by the hydrogenation
of carboxylic acids in the presence of a catalyst that comprises
a first component which is either molybdenum or tungsten
and a second component which is a noble metal of Group VIII
on a high surface area graphitized carbon. U.S. Pat. No.
4,804,791 describes another process for the production of
alcohols by the hydrogenation of carboxylic acids in the
presence of a catalyst comprising a noble metal of Group VIII
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and rhenium. U.S. Pat. No. 4,517,391 describes preparing
ethanol by hydrogenating acetic acid under superatmospheric
pressure and at elevated temperatures by a process wherein a
predominantly cobalt-containing catalyst.

Existing processes suffer from a variety of issues impeding
commercial viability including: (i) catalysts without requisite
selectivity to ethanol; (ii) catalysts which are possibly pro-
hibitively expensive and/or nonselective for the formation of
ethanol and that produce undesirable by-products; (iii)
required operating temperatures and pressures which are
excessive; and/or (iv) insufficient catalyst life.

SUMMARY OF THE INVENTION

In a first embodiment, the present invention is directed to a
hydrogenation catalyst for converting a mixture comprising
acetic acid and ethyl acetate to ethanol at a first temperature,
the catalyst comprising one or more active metals or oxide
thereof on a support that comprises tungsten or an oxide
thereof, wherein the one or more active metals are selected
from the group consisting of cobalt, copper, gold, iron, nickel,
palladium, platinum, iridium, osmium, rhenium, rhodium,
ruthenium, tin, zinc, lanthanum, cerium, manganese, chro-
mium, vanadium, and molybdenum, and wherein the catalyst
desorbs ethyl acetate, in the absence of hydrogen, at a second
temperature that is greater than the first temperature. The
catalyst has a chemisorption of ethyl acetate at the first tem-
perature in the absence of hydrogen. In one embodiment, the
first temperature ranges from 125° C. to 350° C. and the
second temperature ranges from 300° C. to 600° C.

In a second embodiment, the present invention is directed
to a hydrogenation catalyst for converting a mixture compris-
ing acetic acid and ethyl acetate to ethanol at a first tempera-
ture, the catalyst comprising a first metal or oxide thereof, a
second metal or oxide thereof, and a third metal or oxide
thereof, on a support, provided that the first metal is reduced
after hydrogen treatment and the second and third metals are
partly reduced after hydrogen treatment, wherein the hydro-
gen treated catalyst has an ethyl acetate desorption peak at a
second temperature that is greater than an ethyl acetate des-
orption peak at the first temperature.

The first metal or oxide thereof may be selected from the
group consisting of rhodium, rhenium, ruthenium, platinum,
palladium, osmium, iridium and gold. The second metal or
oxide thereof may be selected from the group consisting of
copper, iron, cobalt, nickel, zinc, and molybdenum. The third
metal or oxide thereof may be selected from the group con-
sisting of copper, molybdenum, tin, chromium, iron, cobalt,
vanadium, palladium, platinum, lanthanum, cerium, manga-
nese, ruthenium, rhenium, gold, and nickel. The third metal
and the second metal are different than the first metal.

In a third embodiment, the present invention is directed to
ahydrogenation catalyst for converting a mixture comprising
acetic acid and ethyl acetate to ethanol at a first temperature,
the catalyst comprising one or more active metals on a sup-
port, wherein the catalyst has an ethyl acetate adsorption
capacity (Type III+IV) that is from 30 to 70 umol/g_,, at a
second temperature that is greater than the first temperature.
The one or more active metals are selected from the group
consisting of cobalt, copper, gold, iron, nickel, palladium,
platinum, iridium, osmium, rhenium, rhodium, ruthenium,
tin, zinc, lanthanum, cerium, manganese, chromium, vana-
dium, and molybdenum.

In a fourth embodiment, the present invention is directed to
aprocess for producing ethanol comprising contacting a feed
stream comprising acetic acid, ethyl acetate, and hydrogen at
a reactor temperature from 125° C. to 350° C. with a hydro-
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genating catalyst comprising one or more active metals or
oxide thereof on a support to form ethanol wherein the sup-
port comprises tungsten or an oxide thereof. The one or more
active metals are selected from the group consisting of cobalt,
copper, gold, iron, nickel, palladium, platinum, iridium,
osmium, rhenium, rhodium, ruthenium, tin, zinc, lanthanum,
cerium, manganese, chromium, vanadium, and molybdenum.
The catalyst desorbs ethyl acetate, in the absence of hydro-
gen, at a second temperature that is greater than the reactor
temperature.

In a fitth embodiment, the present invention is directed to a
process for producing ethanol comprising contacting a feed
stream containing acetic acid, ethyl acetate, and hydrogen at
a reactor temperature with a hydrogenating catalyst compris-
ing a first metal or oxide thereof, a second metal or oxide
thereof, and a third metal or oxide thereof, on a support,
provided that the first metal is reduced after hydrogen treat-
ment and the second and third metals are partly reduced after
hydrogen treatment, wherein the hydrogen treated catalyst
has an ethyl acetate desorption peak to a second temperature
greater than the first temperature.

In a sixth embodiment, the present invention is directed to
a process for producing ethanol comprising: passing a gas-
eous mixture comprising acetic acid, ethyl acetate, and
hydrogen over a catalyst at a first temperature, the catalyst
comprising one or more active metals on a support, wherein
the one or more active metals are selected from the group
consisting of cobalt, copper, gold, iron, nickel, palladium,
platinum, iridium, osmium, rhenium, rhodium, ruthenium,
tin, zinc, lanthanum, cerium, manganese, chromium, vana-
dium, and molybdenum; and wherein the catalyst has an ethyl
acetate adsorption capacity (Type I[1I+1V) that is from 30to 70
umol/g, . at a second temperature that is greater than the first
temperature.

In a seventh embodiment, the present invention is directed
to a process for producing ethanol comprising: passing a
gaseous mixture comprising acetic acid, ethyl acetate, and
hydrogen over a catalyst at a first temperature, wherein ethyl
acetate is chemisorbed on the catalyst at the first temperature
in the absence of hydrogen, and ethyl acetate is desorbed from
the catalyst at a second temperature that is greater than the
first temperature.

In an eighth embodiment, the present invention is directed
to a process for producing ethanol comprising: passing a
gaseous mixture acetic acid, ethyl acetate, and hydrogen over
a hydrogen treated catalyst having at least one reduced metal
at a first temperature, wherein the hydrogen treated catalyst
has an ethyl acetate desorption peak at a second temperature
that is greater than an ethyl acetate desorption peak at the first
temperature.

In a ninth embodiment, the present invention is directed to
a process for producing ethanol comprising: passing a gas-
eous mixture comprising acetic acid, ethyl acetate, and
hydrogen over a catalyst at a first temperature, wherein the
catalyst has an ethyl acetate adsorption capacity (Type 111+
1V) that is from 30 to 70 umol/g_,, at a second temperature
that is greater than the first temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood in view of
the appended non-limiting figures, in which:

FIG. 1 is a temperature programmed desorption profile for
catalysts according to one exemplary embodiment of the
present invention.
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FIG. 2 is a graph of ethy] acetate conversion and adsorption
capacities (Type III+Type 1V) according to one exemplary
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to catalyst compositions
for converting a mixture of acetic acid and ethyl acetate to
ethanol. In one embodiment, the catalysts of the present
invention have chemisorptions of ethyl acetate, in the absence
of hydrogen, at the reaction temperature for hydrogenating
acetic acid to ethanol. Without being bound by theory, this
allows ethyl acetate to be adsorbed on the catalyst surface and
may convert ethyl acetate to ethanol. Ethyl acetate may
evolve at a temperature that is greater than the reaction tem-
perature. Ethyl acetate production may be avoided or reduced
when the catalyst evolves or desorbs ethyl acetate at a tem-
perature that is greater than the reaction temperature. In one
embodiment, the reaction temperature or first temperature,
may be from 125° C.t0350° C., e.g., from 200° C.t0 325°C.,
from 225° C. to 300° C., or from 250° C. to 300° C. In one
embodiment, the evolution or desorption of temperature of
ethyl acetate at second temperature, in the absence of hydro-
gen, may be from 300° C. to 600° C., e.g., from 320° C. to
500° C. or from 340° C. to 450° C. Preferably, the second
temperature, in the absence of hydrogen, is greater than the
first temperature, in the presence of hydrogen. It is understood
that because no hydrogen is present at the second temperature
that the hydrogenation reactor is preferably carried out at the
first temperature and generally not the second temperature.
Without being bound by theory, with higher desorption tem-
peratures than reaction temperatures, ethyl acetate molecules
will stay on the adsorption site until those molecules reacts
with hydrogen to form ethanol. A catalyst is more likely to
hydrogenate ethyl acetate to ethanol when ethyl acetate is
adsorbed on the catalyst at the reaction temperature for con-
verting acetic acid to ethanol.

Inone embodiment, under steady state conditions, the cata-
lysts are not a net producer of ethyl acetate and thus the
conversion of ethyl acetate is 0% or greater. Preferably, ethyl
acetate is converted to ethanol. During the hydrogenation of
acetic acid, there may be a side esterification reaction of the
acetic acid and ethanol to form ethyl acetate. The catalysts
that are capable of chemisorbing ethyl acetate at the hydro-
genation temperature of acetic acid have been found to have
areaction rate of ethyl acetate that substantially equates to the
formation of ethyl acetate. Under steady state conditions,
ethyl acetate that is formed is recycled back to the reactor to
reduce the purging and increase ethanol recovery. Because
ethyl acetate is recycled to the reactor, it is necessary for the
catalyst of the present invention to have a conversion of ethyl
acetate that is 0% or greater under steady state conditions. In
evaluating no net production of ethyl acetate, i.e. 0% conver-
sion, the level of ethyl acetate in the recycle loops to the
reactor is compared to the amount of ethyl acetate out of the
reactor at steady state conditions. Fresh acetic acid and ethyl
acetate from the recycle loop will make up the liquid feed to
reactor. The weight percentage of ethyl acetate in the recycle
loop may vary depending on the ability of the catalysts to
convert ethyl acetate to avoid production of ethyl acetate. In
one exemplary embodiment, the liquid feed comprises from
0.1 to 50 wt. % ethyl acetate, e.g., from 0.5 to 20 wt. % or from
1 to 10 wt. % Higher catalyst activity may decrease the
concentration of ethyl acetate.

On a per pass basis, the conversion of ethyl acetate may be
higher, and is preferably greater than 5%, greater than 15% or
greater than 35%. A negative conversion or a net production



US 9,050,585 B2

5

of ethyl acetate would result in an undesirable buildup of
ethyl acetate. The present invention advantageously allows
the process to continuously recycle ethyl acetate without
causing a buildup in the system.

The catalysts preferably comprise one or more active met-
als or oxide thereof on a support, preferably a modified sup-
port, and may be suitable in catalyzing the hydrogenation of
a carboxylic acid, e.g., acetic acid, and/or esters thereof, e.g.,
ethyl acetate, to the corresponding alcohol, e.g., ethanol. In
one preferred embodiment, the support comprises tungsten or
an oxide thereof. Tungsten or an oxide thereof may be a
support modifier that adjusts the acidity of the support. In
other embodiments, the support may comprise tungsten,
molybdenum, vanadium, niobium, tantalum, and oxides
thereof, or mixtures thereof.

In one embodiment the catalysts are capable of converting
both carboxylic acids, such as acetic acid, and esters thereof,
e.g., ethyl acetate, to their corresponding alcohol(s), e.g.,
ethanol, under hydrogenation conditions. More preferably,
the catalyst may have an acetic acid conversion greater than
20%, greater than 75% or greater than 90% under steady state
conditions, and an ethyl acetate conversion, under one pass,
of'greater than 5%, greater than 15% or greater than 35%. The
ethyl acetate conversion under steady state conditions is 0%
or greater.

The catalysts of the invention preferably include one or
more active metals or oxide thereof. The one or more active
metals are selected from the group consisting of cobalt, cop-
per, gold, iron, nickel, palladium, platinum, iridium, osmium,
rhenium, rhodium, ruthenium, tin, zinc, lanthanum, cerium,
manganese, chromium, vanadium, and molybdenum. The
total metal loading of the one or more active metals is from 0.1
to 25 wt. %, e.g., from 0.5 to 20 wt. % or from 0.6 to 15 wt. %.
In one embodiment, the one or more active metals may
include a precious metal that is selected from the group con-
sisting of rhodium, rhenium, ruthenium, platinum, palladium,
osmium, iridium and gold. The precious metal may be in
elemental form or in molecular form, e.g., an oxide of the
precious metal. It is preferred that the catalyst comprises such
precious metals in an amount less than 5 wt. %, e.g., less than
3 wt. %, less than 1 wt. % or less than 0.5 wt. %. In terms of
ranges, the catalyst may comprise the precious metal in an
amount from 0.05 to 10 wt. %, e.g. from 0.1 to 5 wt. %, or
from 0.1 to 3 wt. %, based on the total weight of the catalyst.

In another embodiment, the catalyst may comprise two
active metals or three active metals. The first metal or oxide
thereof may be selected from the group consisting of cobalt,
rhodium, rhenium, ruthenium, platinum, palladium, osmium,
iridium and gold. The second metal or oxide thereof may be
selected from the group consisting of copper, iron, tin, cobalt,
nickel, zinc, and molybdenum. The third metal or oxide
thereof, if present, may be selected from the group consisting
of copper, molybdenum, tin, chromium, iron, cobalt, vana-
dium, palladium, platinum, lanthanum, cerium, manganese,
ruthenium, rhenium, gold, and nickel. Preferably, the third
metal is different than the first metal and the second metal. In
addition, the first metal and the second metal may be difter-
ent, and the third metal and the second metal may be different.

The metal loadings of'the first, second, and optionally third
metals are as follows. The first active metal may be present in
the catalyst in an amount from 0.05 to 20 wt. %, e.g. from 0.1
to 10 wt. %, or from 0.5 to 5 wt. %. The second active metal
may be present in an amount from 0.05 to 20 wt. %, e.g., from
0.1 to 10 wt. %, or from 0.5 to 5 wt. %. If the catalyst further
comprises a third active metal, the third active metal may be
present in an amount from 0.05 to 20 wt. %, e.g., from 0.05 to
10 wt. %, or from 0.05 to 5 wt. %. The active metals may be
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alloyed with one another or may comprise a non-alloyed
metal solution, a metal mixture or be present as one or more
metal oxides. For purposes of the present specification, unless
otherwise indicated, weight percent is based on the total
weight the catalyst including metal and support.

Bimetallic catalysts for some exemplary catalyst compo-
sitions include platinum/tin, platinum/ruthenium, platinum/
rhenium, platinum/cobalt, platinum/nickel, palladium/ruthe-
nium, palladium/rhenium, palladium/cobalt, palladium/
copper, palladium/nickel, ruthenium/cobalt, gold/palladium,
ruthenium/rhenium, ruthenium/iron, rhodium/iron, rhodium/
cobalt, rhodium/nickel, cobalt/tin, and rhodium/tin. More
preferred bimetallic catalysts include platinum/tin, platinum/
cobalt, platinum/nickel, palladium/cobalt, palladium/copper,
palladium/nickel, ruthenium/cobalt, ruthenium/iron,
rhodium/iron, rhodium/cobalt, rhodium/nickel, cobalt/tin,
and rhodium/tin.

In some embodiments, the catalyst may be a ternary cata-
lyst that comprises three active metals on a support. Exem-
plary tertiary catalysts may include palladium/tin/rhenium,
palladium/cobalt/rhenium, palladium/nickel/rhenium, palla-
dium/cobalt/tin,  platinum/tin/palladium,  platinum/tin/
rhodium, platinum/tin/gold, platinum/tin/iridium, platinum/
cobalt/tin, platinum/tin/chromium, platinum/tin/copper,
platinum/tin/zinc, platinum/tin/nickel, rhodium/nickel/tin,
rhodium/cobalt/tin and rhodium/iron/tin. More preferably, a
ternary catalyst comprises three active metals may include
palladium/cobalt/tin, platinum/tin/palladium, platinum/co-
balt/tin, platinum/tin/chromium, platinum/tin/copper, plati-
num/tin/nickel, rhodium/nickel/tin, rhodium/cobalt/tin and
rhodium/iron/tin. In one exemplary embodiment, a catalyst
that comprises platinum/cobalt/tin may have a chemisorption
of ethyl acetate at the hydrogenation reaction temperature of
acetic acid.

In one embodiment, the ternary combination comprises
cobalt and/or tin and at least one other active metal. In one
embodiment, the first and second active metals are present as
cobalt and tin, and are present at a cobalt to tin molar ratio
from 6:1 to 1:6 or from 3:1 to 1:3. In another embodiment, the
cobalt and tin are present in substantially equimolar amounts,
that is, in a molarratio from 1.2:1 to 1:1.2 and more preferably
a molar ratio of 1:1.

In one embodiment, the first metal is reduced after hydro-
gen treatment and the second and third metals, if present, are
partly reduced after conditioning, e.g. hydrogen treatment. In
some embodiments, the second and/or third metals may also
be reduced after hydrogen treatment. Hydrogen treatment
involves exposing the catalyst to hydrogen prior to the
organic reactants, preferably at a temperature of 225° C. to
375°C., e.g., from 225° C. 10 350° C. or from 250° C. to 300°
C. In addition, the first metal may be reduced for a used
catalyst. A used catalyst refers to a catalyst in which a flow of
organic reactants has been passed over the catalyst for a
period of time or the time on stream (TOS). Typically used
catalysts have at least 5 hours TOS, e.g., at least 10 hours TOS
or at least 50 hours TOS. In some embodiments, the second
and/or third metals for a used catalyst may be reduced or
partially reduced.

When at least one of the active metals are reduced, the
hydrogen treated catalyst or used catalyst may have an ethyl
acetate desorption peak at a second temperature that is greater
than the ethyl acetate desorption peak at the first temperature,
i.e. the hydrogenation temperature for reducing acetic acid to
ethanol. Different types of adsorption sites are formed after
reduction when observing the desorption temperature shift.

The magnitude of the peak may also indicate the capability
of'the catalyst to adsorb or desorb ethyl acetate. A weak peak
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may indicate that the catalyst does not readily adsorb ethyl
acetate. Thus, there may be a reduction in the hydrogenation
of ethyl acetate to ethanol and a weak peak may result in a
higher concentration of ethyl acetate in the crude ethanol
product. Also this may lead to negative conversions. Larger
peaks are more preferred for the present invention because the
larger peak indicates that ethyl acetate can readily adsorb on
the surface, but desorbs at the designated higher second tem-
perature. Desorption of ethyl acetate is preferably at a maxi-
mum at the second temperature.

In one exemplary embodiment, the adsorption capacity
(Type 1I) at the first temperature and adsorption capacity
(Type 1II and Type IV) at the second temperature may be
determined by a temperature programmed desorption (TPD)
at ambient pressure. Adsorption capacity may increase as
pressure of TPD increases. The units may be normalized
based on the grams of catalyst. Adsorption capacity (Type II)
at the first temperature may range from 5 to 30 umol/g_,, e.g.
from 10 to 25 pmol/g,,,, or from 10 to 20 umol/g_,,.. Adsorp-
tion capacity (Type III+IV) at the second temperature may
range from 30to 70 pmol/g__,, e.g. from 40 to 60 umol/g,_ ,, or
from 40 to 55 umol/g,,,.

A fresh catalyst, one that has not been exposed to hydro-
gen, acetic acid and/or ethyl acetate, may not be well acti-
vated. Thus, it is preferred to determine the ethyl acetate
chemisorption of a used catalyst to represent a catalyst under
expected operational conditions in an industrial process.

The catalysts of the present invention comprise a suitable
support material, preferably a modified support material. In
one embodiment, the support material may be an inorganic
oxide. In one embodiment, the support material may be
selected from the group consisting of silica, alumina, titania,
silica/alumina, pyrogenic silica, high purity silica, zirconia,
carbon (e.g., carbon black or activated carbon), zeolites and
mixtures thereof. Zeolites may include high silica zeolites
(HSZ™ Tosoh Products) that contain more silica than alu-
mina. Silica gel may be used as a precursor for preparing
silica containing supports. Preferably, the support material
comprises silica. In preferred embodiments, the support
material is present in an amount from 25 wt. % to 99 wt. %,
e.g., from 30 wt. % to 98 wt. % or from 35 wt. % to 95 wt. %,
based on the total weight of the catalyst.

In preferred embodiments, the support material comprises
a silicaceous support material, e.g., silica, having a surface
area of at least 50 m*/g, e.g., at least 100 m*/g, at least 150
m?/g, at least 200 m*/g or at least 250 m*/g. In terms of ranges,
the silicaceous support material preferably has a surface area
from 50 to 600 m*/g, e.g., from 100 to 500 m*/g or from 100
to 300 m*/g. High surface area silica, as used throughout the
application, refers to silica having a surface area of at least
250 m*/g. For purposes of the present specification, surface
area refers to BET nitrogen surface area, meaning the surface
area as determined by ASTM D6556-04, the entirety of which
is incorporated herein by reference.

The preferred silicaceous support material also preferably
has an average pore diameter from 5 to 100 nm, e.g., from 5
to 30 nm, from 5 to 25 nm or from 5 to 10 nm, as determined
by mercury intrusion porosimetry, and an average pore vol-
ume from 0.5 t0 2.0 cm*/g, e.g., from 0.7 to 1.5 cm*/g or from
0.8 to 1.3 cm’/g, as determined by mercury intrusion poro-
simetry.

The morphology of the support material, and hence of the
resulting catalyst composition, may vary widely. In some
exemplary embodiments, the morphology of the support
material and/or of the catalyst composition may be pellets,
extrudates, spheres, spray dried microspheres, rings, pentar-
ings, trilobes, quadrilobes, multi-lobal shapes, or flakes
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although cylindrical pellets are preferred. Preferably, the sili-
caceous support material has a morphology that allows for a
packing density from 0.1 to 1.0 g/em>, e.g., from 0.2 to 0.9
g/cm® or from 0.3 to 0.8 g/cm’. In terms of size, the silica
support material preferably has an average particle size,
meaning the average diameter for spherical particles or aver-
age longest dimension for non-spherical particles, from 0.01
to 1.0cm, e.g., from 0.1 t0 0.7 cm or from 0.2 to 0.5 cm. Since
the one or more active metals that are disposed on the support
are generally in the form of very small metal (or metal oxide)
particles or crystallites relative to the size of the support, these
metals should not substantially impact the size of the overall
catalyst particles. Thus, the above particle sizes generally
apply to both the size of the support as well as to the final
catalyst particles, although the catalyst particles are prefer-
ably processed to form much larger catalyst particles, e.g.,
extruded to form catalyst pellets.

The support material preferabl